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Abstract
The thermal helium beam diagnostic allows to calculate the temperature and density at the edge of a
fusion plasma. Therefore, helium is locally injected into the plasma. This injection is controlled
via a fast valve. Inside the plasma, the neutral helium is excited through electron collisions which
results in the emission of light. The radiance of four spectral lines is measured and then evaluated
with a collisional radiative model (CRM).
The CRM calculates the emission of helium atoms for a given plasma temperature and density. As
a model input, measured line intensity ratios are used, to make the model independent of the local
helium density. The simplest model has a static approach. It assumes a local collisional radiative
equilibrium, where the relative populations of all states are constant.
The evaluation with the static model, however, shows a rise of the temperature profiles towards the
edge. This rise is not observed in other diagnostics and no physical reason is known for this. This
part of the profile is in contradiction to the density profiles and the inner temperature profiles. Here,
the measurement results are in agreement with other diagnostics and the expected physical behavior.
This deviation results from the collisional radiative model, where the static approach does not
hold in the low density region. For the correction of this misleading assumption, the old model is
replaced with a new model. The new model handles the state populations with a time-dependent
approach. In addition, the reabsorption is introduced to the model. Reabsorption describes the
absorption of photons, which are emitted from a different position in the helium cloud. It causes an
additional excitation and results in a modified line emission of the injected helium.
In this thesis, the reabsorption is further investigated to determine its influence on the overall
evaluation of the thermal helium beam diagnostic. The reabsorption scales with the injection rate
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1.1. Motivation for nuclear fusion
Different forecasts show, that the energy consumption of the world continues to rise [NRA19]. The
current power consumption is mainly realized with fossil fuels, leading to the emission of carbon
dioxide and other greenhouse gases [NRA19]. This emission leads to a man-made climate change,
with different negative outcomes for humans living on earth and the ecosystem [V.+18]. Following
from these two points, a climate neutral energy supply is demanded for the future.
Nuclear fusion is currently developed to be part of the solution for this problem. It is based on the
fusion of the two hydrogen isotopes, deuterium and tritium. The winning of these two resources is
available on earth in a sufficient amount. The deuterium can be enriched from the natural isotope
mixing of hydrogen [GC70]. The hydrogen isotopes are therefore produced via electrolysis from
water. Tritium has an insignificant share in the natural isotope mixing of hydrogen [GC70]. For the
tritium production, the idea is to produce it by the neutron activation of lithium [ITE]. Lithium is an
ingredient of the earth crust and is already mined for other technical purposes.
The fusion of both nuclei leads to an energy gain of 17.6 MeV per reaction. This energy is mainly
given to a neutron. The neutron radiation, originating from the fusion, heats the wall of the reactor
and the heat is converted to electric power [ITE]. The most advanced concept to create the conditions
required for the controlled nuclear fusion is magnetic confinement. It is in comparison to nuclear
fission without operational risks [ITE]. The first big difference is the amount of fuel in the vessel.
For fusion reactors, the fuel is only sufficient for a few minutes [ITE]. This stops the reaction
if the plasma is not continuously refueled. In addition, the total energy content of the plasma is
quite small. For a loss of confinement the plasma energy is not high enough to melt the vessel
[ITE]. Beside these two operational issues, fusion has additional advantages. The reaction product
is helium, which is hazard-free. It doesn’t require any temporary storage and can be sold. But
the neutron radiation in fusion reactors activates the wall and other components. This activation
requires a temporal storage. The number of stored parts and the required storage time are below
their counterparts from nuclear fission [ITE].
These features show a good concept for power supply of the future. The next technological step
to realize fusion on earth is the test reactor ITER, which is currently under construction [ITE]. To
further improve the confinement, research is done on multiple smaller machines. They improve
1
1. Introduction
for example the interaction between the plasma and the wall of the vessel. This research requires
precise diagnostics. Based on the research and the work on other smaller machines as on ITER,
thermonuclear fusion has good chances to make a significant contribution to the future power mix.
1.2. Thermonuclear fusion
Fusion of nuclei is a common process in nature. It occurs as a self-sustaining reaction in stars. The
required condition for a persisting reaction is a positive energy balance [Spu15]. A plot with the





























FIGURE 1.1.: The figure shows the binding energy per nucleon for the common isotopes [AW95]. The
maximum lies around 62Ni. For nuclei, with large nucleon numbers A, energy can be gained through
fission, for smaller A with fusion.
For light elements, energy can be gained through fusion to heavier elements, while heavier elements
can release energy through fission. The highest binding energy per nucleon lies at 62Ni (see figure
1.1), where no core reactions would release energy.
In stars, different fusion reactions and reaction schemes occur. The most common are [Per09;
Dem05]:
• p-p cycle : 41H→4 He+2e+
• Helium burning: 24He→8 Be
• CNO cycle: 41H+12 C→4 He+2e++12 C
. These processes run under different environments with different reaction times. They have in
common, that the energy of the particles has to be high enough to overcome the Coulomb barrier.
2
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For Deuterium-Tritium fusion, the Coulomb barrier has an energy of 380 keV (corresponding to
≈ 4.5 ·109 K) [Ulr18]. In reality the fusion reaction already starts for lower temperatures, due to
the tunnel effect and the high velocity tail of the Maxwell-Boltzmann distribution [Ulr18].
FIGURE 1.2.: The deuterium tritium reaction, picture from wikimedia [Wik]
The fusion reaction chosen for the technical realization is the D+T (Deuterium (D): 2H :Tritium (T):
3H) reaction. In comparison to the different natural burning cycles, it has a sufficiently high reaction
cross section. The energy gain is among the highest for a single reaction. In figure 1.2, the reaction
mechanism is displayed. With temperatures in the range of several ten thousand electronvolt (eV)
(1 eV≈ 12 ·103 K), the aggregate state of the two reactants is a plasma.
To fulfill the technical conditions required for fusion, two concepts are extensively probed. On
the one side, the magnetic confinement and the inertial fusion on the other side. The idea of the
magnetic confinement is handled in subsection 1.3.
Inertial fusion relies on the effect, that the fusion processes run on time scales faster than the
diffusion [Kau13]. Therefore the reacting material is compressed and heated up. This leads to the
ignition and due to inertia of mass, the reaction burns the D-T pellet [Kau13] before it explodes.
The important quantity for all fusion approaches, to show the proximity of self sustaining fusion,
is the triple product. It relates the averaged temperature T and density n, required to achieve the
fusion reaction with the energy confinement time τe, which is a measure for the power loss. For the
ignition of the fusion reaction, the required triple product is [Ulr18]
nTiτe & 0.5 MJsm−3 (1.1)
. The current record plasma is more than a factor of 10 away from this goal [Kei+99].
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1.3. Magnetic confinement in tokamaks
To prevent the hot plasma from getting in contact with the walls, the Lorentz force is used to confine
the plasma in a magnetic field. For the magnetic confinement, two dominant concepts are used,
the tokamak and the stellarator (see [Wak98] for stellarators). This section will focus on tokamak
physics, relevant later for the experimental data presented in this work.
FIGURE 1.3.: The magnetic fields in a tokamak and their sources [adapted from IPP].
The tokamak is a toroidal vessel, with a toroidal magnetic field Bφ . An additional current is driven
in the plasma to generate a poloidal magnetic field Bθ [Ulr18]. The shape of the magnetic fields
and the current are displayed in figure 1.3. Through the additional current, the resulting field lines
have a helical geometry. This prevents a charge separation in the tokamak, which would result in
a strong drift towards the walls [Ulr18]. The two important spatial parameters to characterize a
tokamak are the minor and major plasma radius. The minor plasma radius a is defined as the radius
of the last closed flux surface in the mid plane to the magnetic axis. The radius from the center of
the tokamak to the magnetic axis is defined as the major plasma radius R0. A tokamak sketch can
be seen in figure 1.4.
Due to the high conductivity, resulting from the high temperature, the magnetic flux is frozen in
fusion plasma [Zoh15]. The typical measure in tokamaks is the poloidal magnetic flux Φ, generated
from the poloidal magnetic field. Surfaces with a constant poloidal flux are called flux surfaces.










FIGURE 1.4.: Sketch of a tokamak. The plasma is shaped in the so called divertor configuration with a
lower divertor. The large plasma radius R0 and the small plasma radius a are displayed.
The radially last flux surface, which has no contact with the wall is called Last Closed Flux Surface
(LCFS). Outside the LCFS is the scrape-off layer (SOL). Here, the plasma particles hit after a
certain amount of toroidal turns the wall and are not confined. The LCFS is also called separatrix,
due to the formed boundary between the confined region and the scrape-off layer. The common





. Therefore ρpol is 0 at the magnetic axis and 1 at the LCFS. To shape the plasma, additional
magnetic field coils are used. One possibility for the shaping is the divertor configuration. It is one
possibility of limiting the plasma in the vessel. Another option is to use a limiter (see [Sta00] for
more information).
The divertor configuration separates the confined region inside the last close flux surface from the
vessel components in contact with the plasma (see figure 1.4). Here, the additional field from the
coils produces an X-point with Bθ = 0 inside the vessel. This divertor configuration reduces the
impurity concentration in the plasma compared to the limiter and reduces the power flux [Sta00].
Therefore the divertor configuration is commonly used.
1.4. Confinement regimes
1.4.1. The low confinement mode
The first stationary mode discovered was the low confinement mode (often L-mode, got this name
after the discovery of the H-mode). It has a maximum achievable gradient for the temperature and
density. The gradient is limited by the electron and ion pressure which results for steeper gradients
in higher transport from the core to the edge[Miy15].
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H-mode (#36300, t=3.63 s)
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FIGURE 1.5.: The different edge profiles for the L- and H-mode (ELM-free phase). The profiles are
measured with the thermal helium beam diagnostic and evaluated with the full forward model, explained
later. Temperature and density show a strong increase short inside the last closed flux surface (located at
ρpol = 1) in the H mode. This region is called pedestal.
The high confinement mode (often H-mode) was discovered in 1982 at the ASDEX tokamak
[Wag+82; Wag07]. For the core, the gradient for the temperature and density is limited as in the
L-mode. However, the H-mode has a so called pedestal near the last closed flux surface, where the
edge temperatures and densities increase drastically (see comparison in figure 1.5). As a result of the
pedestal, the confinement is improved by a factor of 2 [Wag07]. The H-model has the disadvantage
of Edge-Localized-Modes (ELM) which are periodical bursts at the plasma edge [Zoh96; Con98]
(see also below).
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1.4.3. Other operational regimes
Beside the important H- and L-mode, other operational regimes have been discovered. Two other
important regimes shall be briefly explained here:
• I-mode
The intermittent mode (I-mode) can be seen as a mixture of the H- and L-mode [Hap+19]. It
is an ELM-free regime, with a density profile like the L-mode, and a temperature profile like
the H-mode [Why+10].
• I-phase
The intermittent phase(I-phase) is a plasma state which occurs close to the transition from the
H-mode to the L-mode [Bir+16]. It consists of regular pulsations which can be referred as
limit-cycle oscillations [Bir+16].
1.5. Physics of the scrape-off layer and pedestal
The scrape-off layer is the plasma boundary, coupled to the confined region and the wall of the vessel.
Therefore it influences the edge density and temperature profiles, the power flux to the divertor and
the impurity concentration in the plasma. In the scrape-off layer, the transport parallel to the field
lines dominates the particle and power flux to the divertor. The filed lines in the SOL are in contact
with the divertor on the inner and outer side. To improve the loads on the divertor, the so called
divertor detachment is a possibility. Thereby, a zone with a very low plasma temperature (< 1 eV)
forms in front of the target. In this zone, radiation and momentum losses lead to a recombination of
the plasma before it reaches the divertor target.
1.5.1. Edge Localized Modes
Edge-localized-modes (ELMs) occur in certain types of the H-mode. They are commonly explained
by a peeling-ballooning mode, which describes how a pressure driven current at the pedestal can
cause a peeling mode [Con98]. The duration is typically below 1 ms and they are phenomenological
classified by magnetic precursors, the pressure gradient and a mean repetition frequency [Zoh96].
ELMs result in high loads on the plasma facing components which are above the present material
limits and have to be mitigated [Phi+10]. The ELM heats the SOL and the flattened out temperature
and density profiles need time to recover at the pedestal.
1.5.2. Filaments
Filaments are structures occurring in the plasma. In comparison to other transport processes, their
perpendicular velocity is so large that a significant amount doesn’t propagate to the divertor and hit
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the wall at the place of their creation [KDM08]. They can be detected at rates of several hundred
hertz up to several kilohertz [Fuc+14].
1.5.3. The two point model
The two point model is used to connect the up and downstream temperatures in the scrape-off layer.
One point is located at the divertor, called target point (indices t). The other point is located half
way between the two targets and named the upper point (indices u) [Sta00]. The model assumes a
particle balance along each flux tube as well as a pressure balance. Due to the high heat conductivity
of the electrons, a constant parallel heat flux is assumed. The power being injected in the scrape-off





























. The relevant parameters are the parallel power flux density q‖, the sheath heat transmission
coefficient γ ≈ 7, the electron parallel conductivity coefficient κ0e ≈ 2000 Wm−1 eV−7/2, the
downstream distance L, the ion mass mi and the elementary charge e. This set of equations allows
to determine the three parameters just depending on nu and q‖.
1.6. Relevant plasma diagnostics
Plasmas are investigated through multiple diagnostics. They have different functional mechanisms
and therefore different accessible measurement zones. The relevant diagnostics for this thesis,
beside the thermal helium beam diagnostic, are listed in this subsection.
1.6.1. Lithium beam emission spectroscopy
For Lithium beam emission spectroscopy (Li-BES), lithium ions are accelerated up to several keV.
The ions are then neutralized and guided into the plasma [Kad+78]. In the plasma, the Lithium is
attenuated by electron impact ionization and charge transfer. In addition, the interaction with the
plasma excites the lithium resulting in photon emissions. The emission is measured and allows to
calculate the electron density [Hut02; Kad+78; Wil+14].
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1.6.2. Langmuir probes
The Langmuir probe is an electrical conducting device, which gets into contact with the plasma. For
an applied voltage, the resulting current is measured. The current profile allows then to calculate
the plasma potential, the electron and ion density and the electron temperature. Due to the contact
with the plasma, the operational temperature range is below 100 eV [Ulr18; Tso+99].
1.6.3. Electron Cyclotron emission spectroscopy
The electron cyclotron emission (ECE) diagnostic measures the temperature of the electrons [LT64].





[Hut02] . It depends on the electron mass me0, the electron charge q and the local magnetic








, taking the relativistic electron velocity v into account (c is the speed of light). In
most cases, the plasma is optically thick and the radiance is given by Planck’s law, which yields
Te. In the scrape of layer, the emitted radiance is influenced by different processes and therefore
not valid. The additional dependency on the magnetic field gives the spatial localization [Van+19;
HGH97].
1.6.4. Thomson scattering
The Thomson scattering relies on the interaction between particles and electromagnetic radiation.
Coherent light is injected in the plasma, which then gets scattered into different angles on the parti-
cles. The emission is observed on multiple positions and its spectral width is directly proportional to
the velocity distribution and allows to calculate the temperature. The electron density is correlated
to the intensity of the scattered light [Hut02; KM11].
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1.7. The ASDEX Upgrade tokamak
ASDEX Upgrade is a fusion experiment, located in Garching bei München, at the Max-Planck-
Institut für Plasmaphysik. It is as its predecessor ASDEX (Axial Symmetrisches Divertor EXperi-
ment) a divertor-tokamak. It is classified as a medium size tokamak [MT19] with a target pulse
length of below 10 s. In comparison to other tokamaks of the size, it has a high heating power and
is the only machine with a full tungsten wall. The key parameters are listed in the table below :
TABLE 1.1.: Operation parameters of ASDEX Upgrade [MT19]
Major plasma radius R0 =1.65 m
Minor plasma radius a =0.5 m
Toroidal magnetic field strength Bφ ≤3.2 T
Plasma current Iφ ≤1.4 MA
Ion cyclotron resonance heating power PICRF ≤7 MW
Electron cyclotron resonance heating power PECRH ≤6 MW
Neutral beam injection heating power PNBI ≤20 MW
The entire measurement data used in this thesis is measured during ASDEX Upgrade discharges. The
discharges are identified through shot-numbers, like #36300 for discharge 36300. All discharges
investigated within this thesis are run with a deuterium plasma.
1.8. Outline for the thesis
In chapter 2, this thesis will show the experimental basics of the thermal helium beam diagnostic.
Starting from this, the different models to evaluate the measured intensities are explained. First the
initial collisional radiative model is explained, followed by two new effects witch are then used in
the new model. At the end, a model from J. Munoz Burgos is briefly explained and the effects in
the new model are theoretically compared.
In the following, an exemplary measured profile is evaluated in chapter 3. Its raw data is shown,
followed by the evaluation with the old model. Based on this, the two new effects are stepwise
added to the evaluation. In the end of chapter 3, the model with all effects is compared to other
diagnostics and the model from J.M. Munoz Burgos.
Chapter 4 focuses on the reabsorption process. It evaluates the influence of the reabsorption for
different edge profiles. In the second part of the section, identical profiles are used to determine the
correlation between the injection rate and the reabsorption.
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2.1. The experimental setup
The thermal helium beam diagnostic is used in many different fusion experiments to determine
the temperature and density at the plasma edge [Mun+16; Dav+97; Bar+16; Sch+08]. It is also
implemented in ASDEX Upgrade, to measure the electron temperature Te and the electron density
ne on the low field side (LFS) below the mid plane [Gri+18a]. The setup focuses on the scrape-off
layer (SOL) and the very edge of the confined region.
(a) Position of the Thermal Helium Beam Diagnos-
tic in the cross section of ASDEX Upgrade. The
curved black lines are the lines of sight.
(b)Magnified look at the thermal helium beam diag-
nostic. The expansion of the injected helium cloud
in the tokamak geometry is shown in green. The
plasma equilibrium shifts for different discharges.
The blue line marks the separatrix position.
FIGURE 2.1.: The position of the helium beam diagnostic in the cross section of ASDEX Upgrade.
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A fast switching valve injects the helium in the plasma through a capillary. To adjust the injection
rate of the helium, the pressure of a reservoir, connected to the valve, can be tuned. In the plasma,
the injected helium atom gets excited and eventually ionized. The excitation depends on the local
temperature and density, which are reconstructed from measured intensities using a collisional
radiative model (see subsection 2.3). Ionized helium can be ionized again to He2+. Both helium
ions are accelerated by the plasma via Coulomb collisions. Resulting from this, the helium ion
density is low. The power taken from the plasma is mainly used for the ionization of helium and
has to be small to prevent a local influence of the helium on the plasma parameters (see appendix
A.3 and [Sch+08]).
The emission is observed on 27 radial lines of sights (LOS) (see fig. 2.1b). They range radially
from 2.083 m to 2.161 m in the torus vessel. The collected light is guided through optical fibers
to a polycromator system (see A.2). The polychromator system splits the spectral components of
each LOS in four narrow wavelength regions, corresponding to four helium transitions (see the
four visible lines in fig. 2.3). Finally, the four wavelengths are measured with photomultipliers and
AD-converted with a frequency of 900 kHz. The diagnostic is mainly used for the calculation of
equilibrium profiles, but allows to additionally measure fast phenomena like filaments.
Depending on the temperature and density profiles, the diagnostic has a range of LOS which receive
a sufficient high intensity. The time dependent intensity profiles for two different shots are displayed
in figure 2.2.













(a) The raw intensity profile for a radial broad
intensity distribution with low emission in the far
SOL.





























(b) The raw intensity for a radial profile, where
the helium emission shifts from R = 2.105 m to
the plasma edge.
FIGURE 2.2.: Two time traces of the radial intensity. The helium is injected radially inwards with a
pulsed valve. The radial intensity depends on the ionization and excitation which rely on the density and
temperature profile.
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Due to the different emission positions of the helium, the number of radial accessible measurement
points varies with the mentioned diagnostic settings and the plasma profiles. In the two plots in
figure 2.2, the intensities show a time dependent pattern which results from the pulsed helium
injection. This allows to determine the background radiation in the beam off phases.
2.2. The helium atom
Helium is the second element in the periodic table, containing two electrons, which results in two
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FIGURE 2.3.: Relevant energy levels and transitions in the helium atom [AYJ18]. The solid transitions
are measured with the thermal helium beam diagnostic at ASDEX Upgrade and are located in the visible
spectrum. The dotted lines are called resonances and belong to the ultraviolet spectrum.
Therefore, the two electron spins are either parallel (triplet system, often called orthohelium) or
anti-parallel (singlet system, often called parahelium) orientated. For all states considered, the
assumption is that always one electron is in the 1s shell so that double excited states are neglected.
On the basis of the spin configuration, the states of the helium atom can be separated. The singlet
ground state is the 1s2 1S state, whereas the triplet ground state is the 1s2s 3S state and its energy is
19.82 eV higher than the one from the singlet ground state [AYJ18].
All the states required for the later modeling are displayed in figure 2.3. An important feature is,
that electric dipole transitions between the two spin states are forbidden. Thus, the triplet ground
state cannot decay by radiation in the singlet ground state. Due to its higher energy, the triplet
13
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ground state is meta-stable, coupled through collisions with neutral or charged particles to the 1s 1S
state [Bri98; Ben+62]. At room temperature only the singlet ground state is populated.
The transitions chosen for the diagnostic are in the visible range. They have the following changes
in the quantum numbers: ∆n of −1 and an ∆l of ±1. These two transitions are measured for
both spin states. The population of the emitting states through electron collisions has different
maximum transition rates. For the 706 nm transition, resulting from the population of the 3s 3S,
the maximum emissivity occurs around 25 eV. The state is de-populated by electron collisions and
photon emission. While the photon emission is independent of the electron density, the de-excitation
through electrons is directly proportional to ne. The 3s 3S state has slightly different properties
in comparison to the 3s 1S state. It also gets depopulated through photon emission and electron
collisions, but has its relative population maximum at 300 eV. The other singlet state used for the
collisional radiative model is the 3s 1D state. It gets in comparison to the 3s 1S state not significantly
depopulated through electron collisions, just through photon emission.
2.3. General collisional radiative models
The collisional radiative model (CRM) describes the interaction between the plasma and the atomic
system. To model the population and emission of states in the helium atom, a number of different
processes is used. The population change of state ni can generally be expressed by
dni
dt
















n jneqej→i−nineqei→ j +n jnIqIj→i−ninIqIi→ j−niAi→ j +n juνB j→i
) (2.1)
Different transition rate coefficients
Ai→ j: Spontaneous decay
Bi→ j: Photon absorption
qei→ j: Electron impact transition
qIi→ j: Ion impact transition
Sei : Electron-impact ionization




ni/n j: Population of state i/ j
ne: The plasma electron density
nI: The plasma ion density
n+zI : Free arbitrary Helium ion density
n+: free He II density
uν : spectral energy density
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All collision-induced transition rates depend on the temperature. The electrons are assumed to have
a Maxwellian distribution in the velocity space. To compute the transition rates, simplifications are
made to the model. Therefore relatively weak processes are neglected:
• For ion related processes, the transition rates are several orders lower than the same electron
processes [Mun+16].
• Recombination processes are neglected due to the low local and global helium ion density in
the tokamak and the high temperatures.
• Charge exchange processes are also some orders weaker than electron collisions and can be
neglected [Mun+16; Mun+19].
• The absorption of photons has been neglected so far [Gri+18b]. The new forward model (see
subsection 2.6) will use the absorption from the ground state.
Based on the selected processes, the differential equation system is solved within ADAS 1 [SO11].
The solution for the standard models is time-independent due to the assumption of an equilibrium
between all processes . The emission purely depends on the temperatures and densities, and is
calculated for a set of usual temperature and density ranges.
For the comparison with the measured intensities, line ratios are calculated to become independent
of the absolute intensities, which rely on the remaining neutral helium density. A common set of
line ratios used for helium beam diagnostics are [Unt+12]
• I(728 nm)I(706 nm) , a ratio between a singlet and triplet state (abbreviated as s/t), which is mainly
sensitive to the electron temperature, and
• I(667 nm)I(728 nm) (s/s), which is mainly sensitive to the electron density
. To get the temperature and density, the measured line ratios are evaluated for every line of sight on
the calculated line ratio grid, shown in figure 2.4. The intersection point between the line ratios
gives then the resulting temperature and density for the electrons.
This method is called static ADAS and is in comparison to the other methods very fast to compute.
1 ADAS is the abbreviation for the Atomic Data and Analysis Structure. It provides transition coefficients for the
common elements used in fusion research. The coefficients include the excitation, ionization and photon emission
processes.
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FIGURE 2.4.: Line ratio grid, calculated from ADAS [SO11]. It shows the two above mentioned line ratios
for different temperatures and densities. The line ratio in red is I (728 nm)/I (706 nm) and the one in black
is I (667 nm)/I (728 nm).
2.4. Two new effects in the CRM
In comparison to the static ADAS approach, the new forward model takes two different effects into
account.
The state mixing
The first effect mentioned is the so called state mixing. In comparison to the previous model,
it describes a fully time dependent state population. This needs to be considered, because the
equilibrium assumed in the static ADAS approach doesn’t apply everywhere.
The helium injected into the plasma is initially populated in the 1s 1S state. Inside the plasma, the
dominant electron collisions need time to bring the system to the collisional radiative equilibrium,
assumed in the static approach. This time varies for different transitions and is especially long
for spin-changing processes. Motivated through this physical process, the new model drops the
assumption of an fully equilibrated state.
The transitions within each Spin-system are on the one side coupled through electron collisions,
and on the other side through the spontaneous emission. Especially the high decay rates of the
dipole transitions cause a fast equilibration within each spin system. This leads to the fact, that the
characteristic equilibration distance inside each spin system is below the spatial resolution of the
diagnostic. But for population shifts between the two spin systems, the time to equilibrate is higher.
16
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The states are therefore divided into the two spin systems, with the assumption of an equilibrium
only inside each spin system. These population of the two spin systems is dynamically modeled.
In the far scrape-off layer, the electron density is relatively low. This leads to low transition rates. As
a result, the difference between the dynamic modeling through the state mixing and the equilibrium
value is here high.
The Reabsorption
The second effect taken into account is the reabsorption. This means the absorption of photons,










(a) Processe scheme for the reabsorptions.
Helium cloud
(b) Spatial sketch for the reabsorption on the
red atom. The emission comes from the helium
atoms drawn in grey, and only the radiation
towards the red atom is drawn.
FIGURE 2.5.: Exemplaric sketch and order of action for the reabsorption process outside the helium atom.
This calculation is performed over the entire cloud to get the corresponding local absorption rates. The
reabsorption process then continues with the processes inside the atom (figure 2.6).
In the helium cloud, the atoms emit on multiple transitions. The brightest emitted wavelengths
are the so called resonances, three transitions from the singlet 2p,3p and 4p states to the singlet
ground state. They are shown with dashed lines in figure 2.3. These photons are emitted throughout
the entire helium cloud. For another helium atom, located in the cloud, the photon wavelength
corresponds to the absorption spectra and can therefore be absorbed.
The emitted intensity attenuates with the distance between the emitting and absorbing atom. This is
caused by the spatial spreading and the absorption through other atoms. Exemplary processes for
one absorbing atom(marked in red ) in the helium cloud are shown in figure 2.5.
17























(a) 1. Step: The Reabsorption of photons excites
the electron in a singlet P level.
1s 1S
2s 1S 2p 1P
3s 1S 3p 1P
3d 1D
4s 1S













(b) 2. Step: The population transition from the
singlet P level to the emitting 3s 1S and 3d 1D
levels occurs due to electron collisions.
FIGURE 2.6.: The figure shows the processes inside the helium atom. The absorbed photon is converted
via two steps into an population of the emitting singlet levels.
With the absorption, an electron from the singlet ground state is excited either in the 2p,3p or 4p
singlet state. The majority of these excitations decays in the following through a photon emitted on
the same wavelength. A relatively small share of the population, which is relevant for the process,
is shifted through electron collisions into the 3s 1S and 3d 1D states. This process is sketched in
the helium level scheme in figure 2.6. The 3s 1S and 3d 1D states then decay on the two measured
wavelengths, 728 nm and 667 nm. This excitation channel also works via electron collisions from
the singlet ground state to the 2p,3p and 4p states. Both processes dominate together with the direct
electron excitation from the 1s 1S state the population of the 3s 1S and 3d 1D levels. Two examples
of the strength of these excitation channels are displayed in appendix A.5.
The Reabsorption depends on the emissivity per atom and the neutral helium density. Its influence
is maximized in the zones of relatively weak electron excitation. Therefore it is like the state mixing
relevant in the far scrape-off layer.
The absorption is theoretically also relevant for all the other transitions. But they are several orders
weaker with their emission and absorption. The three chosen transitions lie in the ultra-violet range
and can not be directly measured.
18
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2.5. Modelling the atomic system
The atomic system is modeled with a reduced number of states. Therefore, the previously mentioned
mixing of states is reduced to the population of three states. The corresponding states are the 1s2 1S
(later 1S), 1s2s 3S (later 3S) and 1s2p 3P (later 3P) state (see figure 2.7), whose mixing is calculated
as a dynamic variable. They are the singlet and triplet ground state as well as the 1s2p 3P state. This





































states are mapped through precalculated coefficients on the three metastables.
































2. The thermal helium beam diagnostic
. The spatial derivative along the path of the helium atom can be converted to a time derivative
using the constant puff velocity v. This matrix consists of transition and ionization rates. Exemplary,
the transition rate from 1S to 3S is labeled q1S,3S and the ionization rates of state
1S is labeled s1S.
All rates are effective rates, taking ionization and transition via all other states into account. The
rates depend on the temperature, density and absorption rates. Solving this system of differential
equations leads to 3 independent solutions. The population of the other states is now mapped on
these three meta-stable states. For the population of state i, this results in:
ni = ci,1Sn1S + ci,3Sn3S + ci,3Pn3P (2.4)
. The coefficients c gives the ratio of the density of state i to the density of the corresponding
meta-stable. They are precalculated and depend on the temperature, density and absorption rates.
The relevant emission of the corresponding state is calculated by multiplying the population of ni





. All the transition and ionization coefficients rely on the ADAS data set [SO11]. The set handles
all states up to n=4 as individual states and the remaining states as n bundled states. The bundled
states can change population with the individual states and loose population due to ionization.
2.6. The new forward model
In comparison to the static ADAS approach, the new forward model takes the reabsorption of
photons and the state mixing into account (see section 2.4). Compared to the previous model, all
four measured transitions are used to calculate a profile for the electron temperature and density.
The model therefore calculates three line ratios for the corresponding temperature and density
profile. Temperature and density are then optimized to fit the calculated line ratios to the measured
ones, using a chi-square fit. A sketch of the algorithm to compute the four radiances is plotted in
figure 2.8. All the steps are explained in detail below.
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sion of the resonance
lines
Calculating the absorp-
tion on the resonance
lines
Calculating the emis-
sion on the measured
lines
Calculate for each line
of sight the measured
line radiance
multiple iterations till convergence
FIGURE 2.8.: Overview over the steps performed in the forward model. For the evaluation of the measured
intensities, the intake temperature and density profiles are optimized till the calculated line radiance fits on
the measured one.
Calculation of the state mixing and resonance emission
As a first step, the input temperature and density profiles are used to calculate the populations of
the 2p 1P, 3p 1P and 4p 1P states (see section 2.5), taking the other parameters into account [Gri18;
Gri+17]. A measured picture of the neutral helium cloud distribution can be seen in figure 2.9.
These populations are then used to calculate the emission of the resonance transitions 52.2 nm,
53.7 nm and 58.4 nm. The method uses a precalculated grid for different state populations and
different given absorption rates to calculate the emission rates. In the first iteration, the given
absorption rate is zero in every position.
21
2. The thermal helium beam diagnostic
FIGURE 2.9.: The expanding neutral helium cloud in a vacuum chamber, from Griener 2018 PhD Thesis
[Gri18].
Calculation of the absorption rates
Using the resonance emissions of the helium cloud, the local absorption rates per atom are calculated.
The idea is, as described in subsection 2.4, to take the emission on every position of the cloud and
then subtract the absorption towards the regarded point. At the end, the local photon intensity is
used to calculate the absorption. For the absorption, the spectral integral is used to take effects like
the Doppler broadening and Zeeman splitting into account. This sums up for the absorption per










α (λ ,~x,φk,θk)Lλ (~x,φk,θk)sin(θk)dλ dθk dφk (2.6)
The resulting absorption rate per atom νabs is the integral over the spectral radiance Lλ , multiplied
with the local absorption coefficient α . In addition, both quantities are integrated over the wavelength
spectra λ . The local absorption coefficient α (λ ) depends on the line profile P(λ ) and the central
wavelength of the described transition λn,1.








It additionally depends on the multiplicity of the state n gn, the dipole transition probability An,1, the
speed of light c and the population of state 1S n1. The line profile term has the Doppler broadening
with the thermal line width γ included. This results in the following equations:
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The thermal line broadening depends on the helium temperature Tn and the mass of the helium atom
mHe.
For the absorption integral in eq. (2.6), the spectral radiance of the photons is needed. This spectral




















. The spectral radiance is the intensity coming from the solid angle (φk,θk). It is the emission
ελ integrated over the entire distance l, minus the absorption along the path between emitter and
considered position. To reduce the computational efforts in calculating the absorption rate per atom,
the cloud is assumed to be axially symmetric.
However, the absorption will lead to an increase of the emission on the resonance lines. To take this
effect into account, the previous steps are iterated until an equilibrium is achieved. Due to the small
expansion of the cloud, the equilibrium in the experiment is set immediately after the injection.
Calculating the measured emission
The emission for the measured lines are calculated analogue to the resonance lines with respect to





FIGURE 2.10.: The forward model calculates the emission on the propagation axes. These axes are
intersected with the lines of sight. Based on the intersection points, the intensity per LOS is integrated.
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The different emission strengths are then calculated for different propagation axes of the helium.
These axes are intersected with the lines of sight (see figure 2.10). Using the intersection points, the
emission of each line of sight is integrated.
The inserted temperature and density profiles are then optimized to fit the measured line ratios on
the calculated ones. In comparison to the static ADAS approach, three line ratios are compared, the
two previously used and the I(587 nm)I(728 nm) line ratio. The grid of temperature and density gets constructed
out of an exponential cubic spline function to reduce the number of points to optimize (analogue to
IDA [Fis+10]).
2.7. Temporal Resolution of the measurement
The experimental temporal resolution of the measurement is 1.1 µs. For the precise evaluation, a
constant profile over the time of flight of the helium atoms ( 10 cm
1.3 ·103 ms−1 ≈ 75 µs) is assumed. This
limits the time resolution of the forward model and an average of about 100 data points is used. A
constant plasma behavior in each measurement period can be assumed when the fluctuations only
origin from the photomultiplier noise. If the fluctuations are larger, a model with a time dependent
background profile would be needed.
2.8. The hybrid model from Munoz Burgos
In this subsection, the hybrid-model from J. M. Mun˜oz Burgos is briefly explained, the paper can
be found under [Mun+12]. The model consists of two regions. The radial points directly after
the injection use a full time dependent model, while the points radially inward are evaluated with
a static model. The first model is a fully time dependent collisional radiative model for the low
density zones. The model assumes an transition matrix C, taking all processes between the states in




for all state transitions. The system is now solved in the eigenvector basis ~n′ (~n = V~n′ with the









V−1k, j n j (t = 0)exp(λkt) (2.12)
. It has two transformations, transforming the initial system into the eigensystem and then the timely
developed system back into the original system. The corresponding eigenvalue in the eigensystem is
λk. For the evaluation, V−1, V and λk are precalculated. The state populations are then transformed
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2.9. Theoretical comparison between the models
to the emissions via eq. 2.5 and used in the line ratios from subsection 2.3. The computed line
ratios are fitted on the measured ones. To determine the transition point to the equilibrium model,










with the dynamic population of state i ni (t) and the equilibrium population n
eq
i . If this value is
below a certain threshold, the static approach is used, comparable to the static ADAS model in
subsection 2.3. The atomic data sets between the forward model and the hybrid model are not
identical. For the hybrid model, two atomic data sets are available. One data set only takes the
states up to n = 4 into account, while the other one uses higher Rydberg states up to n = 500.
2.9. Theoretical comparison between the models
To evaluate the two processes, artificial profiles are formed. They are used to show a theoretical








































static ADAS Forward model, no reabsorption


























FIGURE 2.11.: The figure shows in (a) an artificail temperature and density profile and the different state
mixing for this profile is plotted in (b). The triplet population in the equilibrium approach is higher than
in the dynamic mixing. The temperature sensitive line ratio, plotted in (c), shows a significant difference
between the two approaches. For the density sensitive line ratio in (d), this difference is quite small.
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The temperature and density rise exponentially with an e-folding length of 0.02 m (see fig. 2.11a).
For the comparison, an injection rate of 3 ·1019 s−1 and a velocity of 1120 ms−1 are used.
With these profiles, the emission of the the static approach is calculated. They are compared with
the forward model, only taking state mixing into account. The temperature and density profiles are
displayed in figure 2.11a. Resulting from this, the relative populations of the three modeled states
are calculated. They are shown in figure 2.11b. For the evaluation, line ratios are compared. The Te
sensitive line ratio is compared in figure 2.11c and the ne sensitive line ratio in figure 2.11d.
The comparison of relative populations shows for the equilibrium value a higher share in the triplet
populations. This difference is only observed at the beginning. For a further distance, the deviation
of the two models vanishes. Based on the populations of the meta-stable states, the emission for
both models and the four measured transitions is calculated. The emission is used to get the line
ratios. The temperature sensitive line ratio from figure 2.11c shows for zbeam > 0.05 m a similar
behavior in both models. The line ratio from the model without state mixing drops further towards
the edge. In contrast to this, the value of the time-dependent model rises towards the edge, reflecting
the experimentally observed behavior. The density sensitive line ratio is marginally affected.
For a given line ratio, the two models result in different temperature profiles. The difference between
the two approaches is maximized at the plasma edge. Here, the model with state mixing gives lower
temperature values in comparison to the equilibrium model. The density is unaffected by the state
mixing.
For the illustration of the reabsorption effect, the temperature and density profiles in figure 2.12a
are the same as in the previous case. Figure 2.12b shows the absorption rate from 1s 1S to 3p
1P in comparison to the electron collision rate on the same transition. Analogue to the previous
comparison, the temperature and density sensitive line ratio are displayed in figure 2.12c and 2.12d.
The excitation rates at the edge show, that the absorption of photons dominates the displayed
transition. The shape of the curve is, in the logarithmic plot, very flat. The electron collisions show
a strong rise in the profile and outrank the absorption rates for zbeam = 0.06 m. This increase of
electron collisions is caused by the increasing temperature and density values.
The temperature sensitive line ratio rises for zbeam < 0.04 m significantly and reaches twice the
value without reabsorption. For the inner points of the line ratio, the model with reabsorption is
slightly higher. An analogue behavior can be observed in the density sensitive line ratio. Here, the
influenced region spans over the entire plotted distance.
Reabsorption changes the ratio between the 706 nm and 728 nm transition relatively more compared
to the density sensitive line ratio. In comparison to the state mixing, the reabsorption influences
both line ratios. For a given line ratio, the new effect reduces the temperatures and densities at the
edge.
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FIGURE 2.12.: The figure shows the comparison between the forward model with and without reabsorption.
In plot (b), the absorption rates are compared to electron collisions.The two line ratios for the two different
approaches of the forward model are displayed in the lower plots.
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3. Comparison between the different
models for the thermal helium
beam diagnostic
In this section, the static ADAS model is compared to the new forward model. The new forward
model itself is evaluated with and without the reabsorption. At the end, the full forward model
with reabsorption and state mixing is compared to other diagnostics.The forward model without
reabsorption is additionally compared with the hybrid model from Munoz Burgos.
To validate the model, the L-mode discharge #36190 is chosen. L-modes have the advantage of a
stationary profiles with no perturbations like ELMs. For the corresponding time, the discharge has
a magnetic field strength of 2.45 T, a plasma current of 0.84 MA and a plasma energy of 0.07 MJ.
The plasma is heated with a NBI power of 0.5 MW and fueled with a deuterium rate of 0.7 ·1021 s−1.
The H-1 channel line averaged density is 2.7 ·1019 m−3.
3.1. The raw data for the model evaluation
The raw data for the further discussion shall be briefly explained here. For the corresponding
time, the interval between 2.1350 s and 2.1351 s, helium was locally injected with a rate of
3 ·1019 particle/s.
The measured intensities for the discharge are shown in figure 3.1. The displayed points are
relatively calibrated and averaged over 100 points. The injection point of the valve is located at
R = 2.19 m and z =−0.158 m, which corresponds in the current plasma equilibrium to ρpol = 1.12.
The points are mapped with the EQH equilibrium on ρpol (The conversion is displayed in appendix
A.1 ). The relative radial uncertainty is extremely low and below the size of the plotting symbol.
In the intensity profiles, one can see two different characteristics. The first observation is, that the
total intensity of the helium emission rises radially inwards. This rise origins in a higher emission
per atom, caused by the rise of temperatures and densities. The measured cloud intensity peaks
after a certain distance and decreases from that on. This decrease is mainly caused by the ionization,
which reduces the amount of neutral helium so drastically that the total intensity decreases. The
ionization increases as the radiance per atom with the density.
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FIGURE 3.1.: The figure shows the measured intensity of the four helium lines. The different gains from
the photomultiplier are already corrected and a points 100 average in time is formed. The uncertainty is the
standard deviation of the measurement points within the displayed interval.
The second observation is the different position of the emission maximum for the measured
transitions in the helium cloud. For the two triplet lines, the 706 nm and the 587 nm transition, this
peak is around ρpol = 1.02. The singlet lines have have their maximum at ρpol = 1.00. This result
can be described with the radiance per atom. The singlet lines have their maximum emission at
300 eV while the triplet value is 25 eV. This effect describes in combination with the ionization the
position of the maximum.










#36190, t=2.1350 s to 2.1351 s
Te sens. ratio
ne sens. ratio
FIGURE 3.2.: In the figure, the line ratios formed from the intensities of figure 3.1 are shown. The
temperature sensitive ratio is formed between the intensities of the 728 nm and 706 nm transition. For the
density sensitive line ratio, the 667 nm intensity is divided by the one of the 728 nm transition. The profile
of the density sensitive line ratio decays radially outwards. In contrast to the density sensitive line ratio, the
temperature sensitive line ratio shows also an decay radially outwards but then rises towards the edge.
30
3.2. Evaluation with the static ADAS model
For the temperature and density calculations, line ratios are formed. They have the advantage,
that the remaining helium density cancels out between the emission lines. The line ratio between
the 728 nm and 706 nm transition is sensitive to the temperature. It is plotted together with the
density sensitive ratio, formed between the 667 nm and 728 nm transition, in figure 3.2. The density
sensitive ratio, formed between the two singlet states, shows an decrease radially outwards, beside
the four outermost points which show a high uncertainty. For the temperature sensitive line ratio,
the decay stops at ρpol = 1.02 and the ratio increases towards the edge.
3.2. Evaluation with the static ADAS model













#36190, t =2.1350 s to 2.1351 s
FIGURE 3.3.: The density profile for the evaluated time point. It results from the line ratios displayed in
figure 3.2, evaluated with the static ADAS model. The decaying density towards the edge is expected. The
uncertainties are high in the far SOL and the confined region. Here, the emission from the neutral helium
is low.
The line ratios formed from the measured intensities are evaluated with the static ADAS model.
Therefore the two line ratios for every point are intersected in the lookup-grid displayed in figure
2.4. The intersection point of the line ratios gives the temperature and density for the measurement
point. The ρpol position is the same as for the measured line ratios.
Figure 3.3 shows the density profile resulting from the model. It shows an decay of the electron
density radially outwards. The shape of the curve is very similar to the density sensitive line ratio in
figure 3.2. An exponential fit on the measured density results in a decay length of λne = 0.018 m .
The density at the LCFS is 8.5 ·1018 m−3. The density profile fulfills the expected decay, which is
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observed in other diagnostics (see also subsection 3.6). The four inner points have high uncertainties.
The expected exponential profile is still in the domain of uncertainty.











#36190, t=2.1350 s to 2.1351 s
FIGURE 3.4.: The figure shows the temperature profile for the time interval from 2.1350 s to 2.1351 s. The
temperature comes from the evaluation with the static ADAS model. The temperature rise for ρpol > 1.02
is not expected and believed to be wrong. The uncertainty rises for the inner points.
The temperature profile resulting from this model is displayed in figure 3.4 . It shows a decay
radially outwards followed by a rise towards the edge. The first zone in the profile can be assigned
with the exponential decay. It is given by ρpol ≤ 1.02 and has similarities to the shape of the density
profile. A fit in this region results in a decay length of λTe = 0.021 m . The temperature at the
separatrix is 65 eV. But around ρpol = 1.05 starts a rise of the temperature radially outwards. This
rise in the temperature profile results from static approach for the state populations. It should vanish
for the forward model with the time-dependent state mixing.
The evaluated electron temperature and density profiles show two different characteristics. The
profile values around the separatrix are in agreement to other diagnostics. But for the points in the
far scrape-off layer, only the density seems to reproduce reasonable values. These two observations
lead to the assumption, that the model doesn’t reproduce the processes in the injected helium atoms
correctly.
Based on this assumption, the new forward model has been developed to add new processes into the
model.
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3.3. Adding the state mixing to the model
The first new effect added to the model is the state mixing (see subsection 2.4) . It describes a full
time-dependency of the states in the the injected helium atoms. The evaluation was run within the
new forward model setup. For a given temperature and density profile, the model calculates the
emission along the line of sights. These calculated LOS intensities are converted to line ratios and
fitted on the measured line ratios. An additional difference is, that the three dimensional shape of
the cloud is used to integrate the emission along the line of sight.













#36190,t=2.1350 s to 2.1351 s
static ADAS model
Forward model, no reabsorption
FIGURE 3.5.: Density profiles for the investigated discharge. The plot shows the comparison between the
static ADAS model and the forward model with state mixing. Both profiles are similar for the the poloidal
range from ρpol = 1 to ρpol = 1.07. For the other positions are the calculated densities within the errorbars
of each other .
In figure 3.5, the density calculated with the static ADAS model is compared with the one from
the the new forward model without reabsorption. All reabsorption rates are artificially set to zero.
The density profile with the new effect shows a strong agreement to the static ADAS model. The
inner points with the new model show a smooth transition to the other points. In the same radial
range, the density points from the static model have a higher fluctuation, which can also be seen
in the larger errorbars. Beside the high uncertainty inside the last-closed flux surface, the two
models differ in the far scrape-off layer. The new forward model allows a limited calculation of the
density and temperature before the first measurement point. The helium is injected in the singlet
ground state. Determined by the temperature and density profile, the populations then mix on the
inwards propagation. This state mixing can be measured by the emission on every line of sight. The
emission at the first line of sight is therefore determined by the previous temperature and density. In
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the static ADAS model, the profile points are limited to the line of sight positions.
The similarity of the two profiles is in agreement with the state mixing, which acts on the ratio
between the singlet and triplet populations. But the density in the static model is calculated using
the ratio between two singlet states. The marginally difference in the theoretical comparison for the
state mixing can not be resolved.











#36190,t=2.1350 s to 2.1351 s
static ADAS model
Forward model, no reabsorption
FIGURE 3.6.: In the figure above, the temperature for the #36190 at t = 2.1350 s is plotted. It is displayed
for the calculation with the static ADAS approach and the new forward model, only including the state
mixing. While the forward model shows an continuous decay, are the temperatures calculated with the
static ADAS model rising towards the edge.
The temperature profile calculated with the state mixing is shown in figure 3.6 and compared to the
profile from the static ADAS model. The comparison of the two profiles can be divided into two
zones. In the inner zone, the models are within the errorbars of each other. The uncertainty reduces
and the two models are in the radial range from ρpol = 0.99 to ρpol = 1.02 in good agreement
with each other. For larger ρpol, the temperatures by static ADAS model rises as described. In
comparison to this, the temperature by the forward model decays continuously. This decay has an
exponential character and results in an overall decay length of λTe = 0.025 m over the entire profile.
The state mixing acts on the ratio between the singlet and triplet population. For the temperature
calculation in the static ADAS model, the ratio between the 728 nm and the 706 nm transitions
is used. The emitting states of the two transmissions are located in the singlet and triplet system.
As expected in the theoretical comparison (see subsection 2.9), the new model results in lower
temperatures in the far scrape-off layer.
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#36190,t=2.1350 s to 2.1351 s



























FIGURE 3.7.: The figure shows the temperature and density profiles for the beam coordinates in sub-figure
a. The relative populations of the three states, used to calculate the state mixing, are plotted in sub-figure
b. They are plotted with the dynamic state mixing approach and the equilibrium approach. The density
and temperature profiles show the same characteristic as displayed on the poloidal flux. The relative state
populations show a population close to 1 of the 1S state in both models. The population of the triplet states
is several orders lower. They also differ for short distances after the injection.
To investigate the influence by the state mixing, the meta-stable populations are shown in figure
3.7b. The projection axis is the beam coordinate of the helium beam diagnostic, which starts at
the capillary and points in the propagation direction. In appendix A.1, the coordinate conversion
from ρpol to zbeam is displayed. In figure 3.7a, the electron temperature and density along zbeam is
displayed. For the meta-stable populations, a comparison is done between the dynamic state mixing
and the equilibrium approach in the static ADAS model.
Almost all helium atoms are in the singlet ground state. This behavior is observed for the entire
distance and both model assumptions. The fraction of the two triplet meta-stables is at most
approximately 0.25 %.
While the 1S state is nearly constant 1, the 3S and 3P state are not populated at the injection.
Resulting from the injection, the population of both states increases drastically. This increase is
observed in both models. The strong rise is followed by a plateau around z = 0.05 m. Due to
the flat temperature profile, the ratio between the three states is here constant. Another rise is
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observed until the relative population maximum is achieved around z = 0.07 m (here is Te = 14 eV
and ne = 2.2 ·1018 m−3). From then on, the relative state population drops slightly towards the core.
The decay can be explained by the ionization, which is for both triplet levels stronger than for the
1S state.
The two triplet states show in addition to the shape of the curve another effect. At the most outer
grid point, located around z = 0.03 m, the population of the 3S state in equilibrium is 8 times higher
than in the dynamic calculation. One can see this difference also on the 3P state. This difference
reduces with the further the helium penetrates into the plasma and results in an overlap of the two
models around z = 0.06 m. From now on, the two approaches are, besides a small interval between
z = 0.065 m and z = 0.075 m, in agreement. The equilibrium approach assumes a sufficient high
number of electron collisions to shift the populations to the triplet states. Due to the low electron
density after the injection, this condition is not fulfilled in the far scrape-off layer. Therefore, the
real population of the two triplet states lies here below the equilibrium.
This higher population in the equilibrium approach results also in a higher population of all triplet
states and a higher emission of the triplet lines (like the 706 nm transition) in comparison to the
dynamic modeling. The temperature profiles confirm the observations from the theoretical profiles.
Only the temperature profile is influenced by the state mixing. The effect reduces the calculated
temperatures on the first measurement points after the injection drastically.
3.4. Correction of reabsorption processes
The second effect used for the improvement of the measurement result is the reabsorption of photons.
It is described in subsection 2.4 and is another excitation mechanism in the atomic system.










#36190, t=2.1350 s to 2.1351 s
Forward model, no reabsorption
Full forward model
FIGURE 3.8.: The figure shows the density comparison between the forward model, once with and once
without the reabsorption. Both profiles differ between ρpol = 1.02 and 1.07 slightly.
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3.4. Correction of reabsorption processes
To show the influence of the reabsorption, the full forward model (with state mixing and reabsorp-
tion) is compared to the forward model with only the state mixing. The resulting density profiles are
shown in figure 3.8. In the plot, the two density curves show a high agreement and at that the lower
ρpol values, the same density is fitted. The two curves show a slight difference from ρpol = 1.02 to
ρpol = 1.07. In this range, the density resulting from the full model has a lower value than in the
model without reabsorption. The density values then overlay for the outer positions again.











#36190, t=2.1350 s to 2.1351 s
Forward model, no reabsorption
Full forward model
FIGURE 3.9.: In the figure, the temperature profiles for the forward models with and without the reabsorp-
tion are plotted. The temperatures in the forward model with reabsorption is for ρpol < 1.02 slightly lower
than for the model without.
In figure 3.9, the temperature profiles of the two models are compared. As in the density profile,
the points in the confined region are very akin between both models. Here, a small shift towards
lower temperatures is observed due to the reabsorption. For the radial range from ρpol = 1.02 to
ρpol = 1.07, the two temperature curves diverge. The value from the model with reabsorption is here
higher than from the model without. The two values then fall together for the outer measurement
points.
A check of the profile against the theoretical predictions gives a disparity. While the lower density
is within the expectations, the temperature is in opposition to the theory. The theory predicts for
the evaluation with reabsorption lower temperatures. The result of both fits agree in the standard
deviation.
To see the strength of the reabsorption, the emission and absorption of the resonance transitions
for the measured profile is calculated. The state mixing is marginally influenced through the
reabsorption and not displayed. Subplot 3.10a shows the temperature and density profile, now
mapped on the beam coordinates. Both profiles originate from the full forward calculation. Based on
these two parameters, the local radiance of the helium resonance lines is calculated. It is displayed
in figure 3.10b. This emission is then further used to get the absorption per atom, displayed in 3.10c.
The reabsorption shows in comparison to the other parameters significant differences between the
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FIGURE 3.10.: The upper plot (a) shows the temperature and density in the beam coordinate. They have
the same decay characteristics as on the poloidal axis. In the plot below (b), the photon emission of the
three resonances is displayed. The 52 nm transition has the highest radiance and is several orders stronger
than the other two transitions. The profiles first show a rise analogue to the temperature and density, but
then decay due to the ionization. The lower plot shows then the absorption per atom of the three transitions.
The absorption profile is similar to the emission in the shape and strengths of the different transitions.
beam axis and the propagation in other directions of the expanding cloud, where the reabsorption
rates drop. The drop is caused by the decreasing neutral helium density and a larger distance to
the other emitting regions in the helium cloud. In plot 3.10c, the absorption along the beam axis is
shown.
The emission displayed in sub-figure 3.10b shows, that the 58 nm emission is over the entire
profile roughly ten times higher than the 54 nm line. The weakest used resonance transition with
a wavelength of 52 nm is even 30 times weaker than the transition from 1s 1S to 2p 1P. All three
curves show a comparable behavior like the visible emission from figure 3.1. They first rise due to
the increasing temperature and density. The intensities then drop due to the ionization.
Based on the emission, the absorption per atom is calculated. Its profile for the beam axis is
displayed in sub-figure 3.10c. The absorption profile shape is similar to the emission. The order of
the absorption strengths is the same as for the emission.
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electron collisions from 1s2
e− col from 2,3,4p + e− col.
e− col from 2,3,4p + abs.
FIGURE 3.11.: The figure shows in (a) different transition rates for the transition from 1s 1S to 3p 1P. The
values are calculated on the beam axis with the temperature and density profiles from sub-figure 3.10a.
The plot shows, that the excitation through absorption is up to a distance of 0.07 m stronger than the one
from the electron collisions. From then on, the electron collisions dominate the excitation. In (b), these
transition rates are used to get the rates to the 3s 1S state. These rates from two consecutive transitions are
compared to the electron excitation from the 1s2 state. The excitation from the ground state is at the edge
higher than the double transition and for a higher distance in between the other two values.
To estimate the influence of the reabsorption, the absorption is compared to the electron collisions.
Therefore, the important transition from the singlet ground state to the 3p 1P state is chosen. This
comparison is shown in figure 3.11a. Both rates are displayed on the beam axis and correspond
to the temperature and density profiles from subplot 3.10a. The absorption is up to a distance of
z = 0.07 m (ρpol = 1.026) stronger than the electron collision rate. At the start of the beam, the
absorption rate is more than a factor of 10 larger and then reduces for higher zbeam values. For
higher temperatures and densities, the electron collisions are dominating. The population of the 3p
1P state is then shifted due to multiple processes. An important transfer is the shift through electron
collisions to the 3s 1S and 3d 1D state.
The rates resulting from this consecutive process are displayed in 3.11b, summed up with the weaker
transitions via the 2p and 4p state. Up to a distance of 0.08 m, the direct excitation from the ground
state dominates the excitation, which is plotted as a reference in 3.11b. From then on, the double
excitation through electron collisions is the strongest population mechanism. This comparison
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3. Comparison between the different models for the thermal helium beam diagnostic
shows, that the population through the absorption is at the edge relatively strong but never dominates
the excitation of the 3s 1S state. For the distance up to 0.07 m (ρpol = 1.03), the excitation caused
by the reabsorption reaches up to 10% of the excitation from the electron collisions. This is also the
region in the temperature and density profile, where the reabsorption causes a difference. A similar
behavior is observed for the 3p 1P state.
3.5. Comparing the state mixing with the
Munoz-Burgos model
The state mixing is differently implemented in the forward model and the hybrid model from J. M.
Munoz-Burgos (see subsection 2.8). These two models are compared in this subsection. A direct
comparison between the two approaches is impeded by different origins of the atomic data.













#36190, t=2.1350 s to 2.1351 s
static ADAS
Forward model, no reabsorption
Munoz Burgos hybrid model
FIGURE 3.12.: The figure shows the density calculated for #36190 in the interval from 2.1350 s to 2.1351 s.
The density is evaluated with the static ADAS approach, the forward model without reabsorption and the
hybrid model from J. M. Munoz-Burgos. All models show similar density profiles.
In figure 3.12, the density values for discharge #36190 and the time interval from 2.1350 s to
2.1351 s are plotted. Here, the evaluations in the forward model without reabsorption, the static
ADAS approach and the hybrid-model are compared. For the hybrid model, a velocity of ten times
the original velocity is used ( analogue to the evaluation in [Gri18]). In addition, the hybrid model
runs with the enabled state mixing and the data set with the high Rydberg states is used. The three
models show a good agreement for the resulting density. The hybrid model is for all measurement
values between the two other models.
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3.5. Comparing the state mixing with the Munoz-Burgos model











#36190, t=2.1350 s to 2.1351 s
static ADAS
Forward model, no reabsorption
Munoz Burgos hybrid model
FIGURE 3.13.: The plot shows the temperature profiles, evaluated with the static ADAS, forward model
without reabsorption and the hybrid model. The hybrid model calculates for ρpol < 1.04 higher temperatures
than the other models and shows on the outer positions relatively constant 25 eV.
The temperature for the same interval is compared in figure 3.13. Here, the model from J. M.
Munoz Burgos differs significantly from the two other models. For the inner points, the temperature
calculated with the hybrid model is above the other two approaches. The points from the hybrid
model are outside ρpol = 1.04 in between the two other approaches. This curve is still in the standard
deviation of two compared models. It is observed, that the calculated temperature by the hybrid
model never falls below 25 eV, which has no obvious reason.
This temperature difference between the two models with state mixing is not expected. For the
outer radial points is the temperature by the hybrid model even outside the standard deviation of the
forward model. Beside the modeling, the two approaches also differ in their atomic data set. For the
equilibrium data set, the hybrid model shows a discontinuity. It it can be observed at the previously
mentioned 25 eV and occurs for all line ratios in the line ratio grids [Gri+18b].
This difference in the atomic data set is likely to cause the higher temperatures for the inner
temperature points, where both approaches are identical. While the density between the models
agrees very well, the temperature is deviating from the one calculated with the forward model.
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3.6. Comparison of the model with other diagnostics
To ensure the correctness of the results, the full forward model is compared with the Lithium beam,
Thomson scattering and ECE diagnostic. The time interval for the profile comparison is extended to
100 ms. This allows to collect enough measurement points for the Thomson scattering and therefore
reduces its fluctuations.
Density validation

















FIGURE 3.14.: The figure plots the electron density for the new forward model, the lithium beam emission
spectroscopy and the Thomson scattering. The Lithium beam has a slightly higher value than the full
forward model, but it is inside the uncertainty of the new model. The edge Thomson values have a high
variation and agree within the errorbars with the two other diagnostics.
To validate the density resulting from the thermal helium beam diagnostic, two other diagnostics
are used. The Thomson scattering can map the equilibrium density profile in phases of constant
profiles. Another diagnostic is the Lithium beam spectroscopy. It measures in the scrape-off layer
and can penetrate due to the high energetic atoms even further inside the core plasma than the
thermal helium beam diagnostic. Its time resolution is comparable to the thermal helium beam. The
density comparison between the three diagnostics is displayed in figure 3.14.
The first comparison is made with the lithium beam. Its density values are for ρpol > 0.98 in
agreement with the full forward model. A small systematic shift to higher densities can be observed
for the lithium beam. While the thermal helium beam does not measure inside ρpol = 0.97, the
lithium beam density rises further, together with its uncertainty.
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3.6. Comparison of the model with other diagnostics
The edge Thomson diagnostic shows for the measurement points outside the separatrix a strong
consistency. This consistency with slightly lower values can be observed in the confined region. All
density points resulting from the Thomson scattering are within the errorbars of the helium beam
diagnostic. The validation with other diagnostics confirms the densities by the full forward model.
While the lithium beam has slightly higher values and the Thomson values fluctuate around the
helium beam diagnostic.
Temperature validation















FIGURE 3.15.: The figure shows the temperature of the new forward model in comparison to the ECE
and Thomson scattering. Temperatures from the new forward model and the ECE diagnostic agree in the
confined region. The Thomson scattering shows high fluctuations. The values fluctuate around the new
forward model, but are to inaccurate to compare them.
The temperature is also validated with two different diagnostics. For measurements inside the
separatrix , the ECE spectroscopy is used. The measurement points of the ECE in the scrape-off
layer are not valid due to multiple processes. They are excluded from the validation. The Thomson
scattering diagnostic is the same as for the density calculation. The comparison of the temperature
profiles is shown in figure 3.15.
The ECE diagnostic shows for the radial range ρpol < 0.99 a strong agreement to the THB. Only the
last compared value close to ρpol = 1.0 shows a small difference between the temperature calculate
from the ECE and the one from the full forward model.
The Thomson scattering shows for this time-span, as in the density profile, high fluctuations. Beside
an outlier, the values from the Thomson scattering agree to the ones from the full forward model
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3. Comparison between the different models for the thermal helium beam diagnostic
within the errorbars.
To get another temperature comparison in the scrape-off layer, Langmuir probes are used instead.
They measure the temperature and density in the divertor. These values can be projected with the
two-point model on the position of the helium beam diagnostic. The correctness of the two-point


























FIGURE 3.16.: The figure shows the comparison of the new forward model with the divertor Langmuir
probes, connected over the two-point model. Plot (a) shows the electron temperature. It is displayed for the
Langmuir measurement in the divertor, the results from the two-point model and the full forward model.
The forward model is in agreement with the densities by the two-point model. In the lower plot (b), the
temperatures for the three sources are shown. The temperature values, reconstructed with the two-point
model are systematic lower than the ones from the new forward model.
The model starts with temperatures and densities measured with the Langmuir probes. Both values
in the divertor are displayed in the figure 3.16. For ρpol < 1, the Langmuir probes measure inside
the private flux region. This can not be compared with the measurements in the confined region, by
the thermal helium beam diagnostic. Based on these temperature and density values, the model is
initialized. The power flux is determined through the thermal infrared diagnostic. This diagnostic
observes the divertor tiles and thus calculates the power flux. The flux perpendicular to the surface
is measured. To get the flux parallel to the field lines, the incidence angle on the divertor tiles
of 1.17° is used to transform the heat flux. The resulting factor for the power flux conversion is
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3.6. Comparison of the model with other diagnostics
1
sin(1.17°) . The field line length is calculated via a field-line tracer and lies in average at 15.4 m for
the used equilibrium. These values are inserted into equations (1.3), (1.4) and (1.5) . As a result, the
temperatures and densities at the position of the helium beam are calculated. They are displayed
with the result from the forward model in figure 3.16.
The density values between the two-point model and the forward model agree, but the temperature
in the two-point model doesn’t agree with the forward model. The two-point model shows directly
after the separatrix a 20 eV lower temperature. This discrepancy reduces and the values show better
agreement for the outer measurement point.
Due to this difference, the validation through the two-point model is limited. It can not be specified
whether the model is correct or one of the diagnostics delivers false results. But due to the
measurement points from the ECE spectroscopy, the temperature values of the new forward model
are valid in the confined region. The Thomson scattering shows in addition an agreement in the
scrape-off layer. This makes it more likely, that the two-point model doesn’t reproduce the processes
in the scrape-off layer accurate.
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4. The reabsorption for different
discharges
4.1. The reabsorption effect for different edge profiles
To further investigate the reabsorption, different edge profiles are used. They are averaged over
several 100 ms and measurement points during ELMs are excluded from the average profile.








#35589, L-mode, t=3.4 s to 3.5 s
Forward model, no reabsorption
Full forward model










FIGURE 4.1.: The figure shows the temperature and density profiles evaluated with the forward model,
respectively with and without the reabsorption. The model without reabsorption shows a higher temperature.
The density in the same radial range is marginally lower with reabsorption.
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4. The reabsorption for different discharges
The model comparison in the previous section showed for the L-mode two behaviors. The density
is with the reabsorption lower and therefore fulfills the expectations. But the temperature is higher
with the reabsorption, which is opposed to the theory. To check this, another L-mode discharge,
with an extended measurement interval of 0.1 s, is compared. The puffing strength of the helium
valve is 2.3 ·1019 s−1 and the magnetic field strength is 2.5 T. The plasma is heated with 0.56 MW
ECRH power and the H-1 density is 3.1 ·1019 m−3. The profiles for the temperature and density are
displayed in figure 4.1.
The comparison between the two calculated density profiles shows two similar profiles. At ρpol =
1.03, the density without reabsorption is 3.4 ·1017 m−3 higher than in the model without. In this
L-mode, the temperatures show the expected lower values for the model with reabsorption. At


















) #35589, L-mode, t=3.4 s to 3.5 s
absorption
electron collision
















electron collisions from 1s2
e− col from 2,3,4p + e− col.
e− col from 2,3,4p + abs.
FIGURE 4.2.: The figure shows in (a) the transition rates from the 1s 1S state to the 3p 1P state. The
electron collisions are at the edge several orders lower than the photon absorption. While the electron
collisions rise radially inwards,the reabsorption forms a maximum. In (b), these transition rates are mapped
on the population of the 3s 1S state. In addition to the transition via the 3p state, the smaller contributions
via the other two singlet P states are added. While the characteristics of the rates via the p levels are similar
in the shape, the direct excitation the ground state dominates this transition from the edge.
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4.1. The reabsorption effect for different edge profiles
To further compare the two models for the L-mode, the transition coefficients for the 1s 1S -> 3p 1P
transition are displayed. The comparison between the electron excitation and the photon absorption
for the current discharge is displayed in figure 4.2a. As in the other L-mode, the absorption
dominates at the edge the transition to 3p 1P. The profile characteristics are similar and show a
constant rise for the electron collision excitation and a peaked curve for the photon absorption. The
effective transitions to the emitting 3s 1S state are displayed in figure 4.2b. Here, the combination
of the absorption and following electron collision are weaker than the direct transition from the
ground state. As a result, the reabsorption slightly modifies the emission, up to a distance of
zbeam = 0.060 m.
The summary of the L-mode shows, that the difference through the reabsorption is relatively small.
This even leads to the point, that numerical uncertainties and discontinuities can mislead the fit
to counterintuitive values. The L-mode comparison of #35589 shows in contrast to the profile
from #36190 the expected characteristics. The temperature values are with reabsorption lower than
without, while the same occurs much weaker for the density. Both behaviors are predicted from the
theoretical modeling.








#36625, I-mode, t=6.0 s to 6.2 s
Forward model, no reabsorption
Full forward model











FIGURE 4.3.: From the two profiles, one is calculated with the reabsorption and the other one without.
The outer profile points show for the model with reabsorption a lower temperate and density.
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4. The reabsorption for different discharges
Another profile comparison is made for an I-mode. The corresponding profiles are shown in figure
4.3. Here, the interval from 6.0 s to 6.2 s of #36625 is evaluated. The plasma is heated with
6.1 MW NBI power and has a magnetic field amplitude of 3.2 T. The H-1 line averaged density is
3.75 ·1019 m−3. The injection rate of the helium is 1.86 ·1019 s−1.
The profile shows in comparison to the previous profiles a flatter decay for the temperature and
density. This results in quite high temperatures and densities at the outer measurement point.
The temperatures and densities of the two models are nearly identical over the entire profile. Only
for ρpol > 1.07, the two profiles differ because the values for the model with reabsorption are lower.
The difference between the temperature and density profiles has its maximum value at ρpol = 1.10.
















) #36625, I-mode, t=6.0 s to 6.2 s
absorption
electron collision














electron collisions from 1s2
e− col from 2,3,4p + e− col.
e− col from 2,3,4p + abs.
FIGURE 4.4.: The figure shows in subplot (a) the transition rates from the 1s 1S state to the 3p 1P state.
They are plotted for the excitation through electron collisions and photon reabsorption. The reabsorption is
only for a few points higher than the electron collision excitation. The same behavior is observed for the
population of the 3s 1S state, where the excitation from the ground state dominates the edge.
This behavior is also observed in the excitation coefficients. They are shown in figure 4.4a. The
photon absorption dominates only for a small distance the transition from 1s 1S to 3p 1P. From
zbeam > 0.36 (ρpol < 1.085) dominate the electron collisions. This is also observed in the population
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4.1. The reabsorption effect for different edge profiles
to the 3s 1S state, shown in figure 4.4b. In this plot, the photon absorption is only for a small
distance relatively near to the electron excitation. This is in agreement with the observed differences
in the temperature and density curves. The electron collisions dominate the relevant transitions very
early and therefore, the reabsorption is only relevant for the outer measurement points.









#36637, H-mode, t=4.30 s to 4.35 s
Forward model, no reabsorption
Full forward model











FIGURE 4.5.: In the plot, the calculated temperature and density for a H-mode discharge are shown. Both
profiles are evaluated once with and once without the reabsorption.
The profiles for the H-mode comparison origin from #36637. Here, the equilibrium from the
interval from 4.3 s to 4.35 s is evaluated. The evaluation is made with the forward model, once
with and once without the reabsorption. To achieve the equilibrium profile, the measurement points
during ELMs are discarded. The result is displayed in figure 4.5. In this interval, the plasma was
heated with 2.5 MW NBI power, 2.4 MW ECRH power and 4.1 MW ICRH power. The thermal
helium beam diagnostic was operated with an injection rate of 2.5 ·1019 s−1.
The density profile shows small differences through the reabsorption. Here, the density of the model
with reabsorption is slightly lower than in the model without. The inner density profile points are
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4. The reabsorption for different discharges
not affected. In contrast to this, the temperature points differ inside the separatrix. This difference
is not expected to originate from the reabsorption but is probably an artifact of the fit procedure.
The two temperature profiles also differ at the edge. At ρpol = 1.103 the two curves are clearly


















) #36637, H-mode, t=4.30 s to 4.35 s
absorption
electron collision





















electron collisions from 1s2
e− col from 2,3,4p + e− col.
e− col from 2,3,4p + abs.
FIGURE 4.6.: In (a), the absorption rate on the transition from 1s 1S to 3p 1P is compared with the electron
collision excitation on the same transition. The clear dominance of the reabsorption at the edge proceeds to
the population of the 3s 1S state, whose population processes are displayed in (b).
The transition rates originating from the profile with reabsorption are shown in figure 4.6a. While the
absorption profile is comparable to the one in the L-mode,the electron collision shows a significantly
different profile. The intersection point is earlier after the injection. This goes along with a steeper
gradient for the electron transition rates in the far scrape-off layer.
The resulting population process is plotted in figure 4.6b. In comparison to the other two processes,
the reabsorption dominates here absolutely the population at the edge. This region is followed by a
steep rise of both electron excitation mechanisms. From then on,the reabsorption is an order below
the two electron processes.
Resulting from this, the influence of the reabsorption changes the temperature and density profiles at
the edge. The difference for the density is, as in the other discharges, lower than for the temperature.
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4.2. The reabsorption for different puffing strengths
4.2. The reabsorption for different puffing strengths
The reabsorption at a certain point depends on the local helium density as well as on the emission
intensity. This emission intensity depends on the temperature and density profiles and on the neutral
helium density. With three identical discharges, the effect of different helium puffing strengths is
investigated.
Discharge parameter
The helium injection rate is 5 ·1019 s−1 in #36299, 1 ·1019 s−1 in #36300 and 5 ·1020 s−1 in #36301.
To prevent a too high helium ion concentration in the plasma, the highest injection rate is only
puffed in three short intervals. During the discharges with lower injection rate, the puffing was
continuous with the usual turning on and off. The He2+ ion density at ρpol = 0.95 was measured
after the evaluated time interval using the charge exchange recombination spectroscopy. It resulted
in He ion densities of 4 ·1018 m−3 for #36299, 3 ·1018 m−3 in #36300 and 6 ·1018 m−3 in #36301.
At the same spatial and temporal position, the electron density is for the three discharges in average
7 ·1019 s−1. This variation of the impurity concentration is too low to significantly change the
plasma.
For the measurement interval, the time from 3.6 s to 3.78 s is chosen. Here, all discharges are in
H-mode. At this time, the plasma was heated with 3.7 MW ECRH and the H-1 integrated density is
8.7 ·1019 m−3.
Comparison of the raw data
The three formed line ratios are displayed in figure 4.7. For the chosen time interval, measurement
points during ELMs are excluded. The upper line ratio, in figure 4.7a shows the temperature
sensitive ratio. It is formed between the intensities from the 706 nm and the 728 nm transition. For
the discharges #36299 and #36300, the line ratio is very similar. Only the outer measurement
points differ slightly, starting from ρpol = 1.08 . The temperature sensitive line ratio of shot #36301
is nearly for the entire radial range higher than the line ratios of the other two shots. For the outer
points, the line ratio of discharge #36301 is lower than in the other two shots.
The density sensitive line ratio is displayed in subfigure 4.7b . Here, the two line ratios from
#36299 and #36300 are only up to ρpol = 1.04 similar. For larger radii, the line ratio with the
medium injection rate increases while the values of the lower one decrease. The discrepancy of the
density sensitive line ratio from #36301 to the other two shots is even bigger than in the temperature
sensitive line ratio.
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FIGURE 4.7.: The figure shows the line ratios for the three discharges ,#36299,#36300 and #36301. They
show the equilibrium profile of the interval from 3.6 s to 3.8 s,where all discharges are in H-mode. The
inner measurement channels have a signal close to the background and are not displayed.
The third line ratio is another singlet-triplet ratio, between the 587 nm and 728 nm transition. This
line ratio curve is different to the previous two. Here, the profile rises for all three shots and then
forms a plateau. All line ratios decay then for the inner radial points. The discharges with the lower
puffing rates are similar over the entire profile. Only the last shot has a systematically lower values.
These three profiles allow an initial comparison of the reabsorption. The required assumption is,
that the Te and ne profiles are identical for the corresponding time points. For the discharges with
low and medium injection rate, the line ratio profiles are relatively similar. Only the outer points
of the ne sensitive line ratio differ. This difference is caused by the injection rates which influence
the line ratios via the reabsorption. For the highest injection rate, the discrepancy to the other two
shots is large. This clearly shows the scaling of the reabsorption with the helium injection rate. The
influence now affects a wide radial range.
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#36300, t=3.6 s to 3.78 s
Forward model, no reabsorption
Full forward model









FIGURE 4.8.: In the plot, the temperature and density profiles evaluated for the lowest injection rate
(1 ·1019 s−1) are shown. They are compared between the model with and without reabsorption. The
evaluation without reabsorption shows a hump in the temperature profile at the edge. This is not observed
for the evaluation with the full model.
The first profile evaluated is at the lowest injection rate (1 ·1019 s−1). It was measured during
#36300 and the evaluated temperature and density profiles are displayed in figure 4.8. Both profiles
are calculated with and without reabsorption.
The density profile between both models is nearly identical. In contrast to the density, the tempera-
ture profile shows a slight difference for the two evaluations. In the model without reabsorption,
there is a small peak in the temperature profile at the edge. This temperature difference has an
amplitude of 22 eV and occurs at ρpol = 1.09.
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e− col from 2,3,4p + e− col.
e− col from 2,3,4p + abs.
FIGURE 4.9.: In (a), the plot shows the transition rates from 1s 1S to 3p 1P for the reabsorption and the
electron collision excitation. The corresponding temperature and density profile belongs to the equilibrium
profile of #36300 in the interval from 3.6 s to 3.78 s. Both curves intersect at zbeam = 0.038 m. The
resulting excitation rates for the 1s 1S state are displayed in (b). Here, the effect of the absorption on all
three reabsorbed wavelengths is compared with the electron collisions from the ground state and the double
electron excitation via the 2,3 and 4p level.
In figure 4.9a, the different excitation rates from the 1s 1S to the 3p 1P state are shown. The electron
excitation rate has at the first beam point a value of 10 s−1. This value increases with the electron
density and temperature towards the core. The transition rates caused by the photon reabsorption
have an initial value of 25 s−1 and peaks at zbeam = 0.074 m.
The resulting excitation to the singlet 3s state shows similar characteristics like the excitation to the
3p level. It is displayed in figure 4.9b . At the edge, the direct electron collisions from the ground
state dominate the excitation. For an increasing flight distance, this process is outranked by the
two consecutive electron collisions. In the first step, the electron is excited to the 2,3 or 4p level
by an electron collision and then shifted via another electron collision to the 3s level. The same
excitation mechanism also works for the reabsorption, where this process makes the first excitation.
The reabsorption is for the entire distance orders lower than the electron collisions. An analogue
behavior is observed for the 3d level.
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This comparison shows, that the reabsorption makes a small difference for the lower injection rate.
The difference can be observed in the temperature curve, but the state excitation rates to 3s 1S show,
that the reabsorption has a relatively small contribution to the overall excitation.










#36299, t=3.6 s to 3.78 s
Forward model, no reabsorption
Full forward model









FIGURE 4.10.: In the figure, the temperature and density profiles for #36299 in the H-mode are displayed.
They are evaluated with and without the reabsorption. Without reabsorption, the temperature and density
show a hump at ρpol = 1.09. From ρpol = 1.07 on, both profiles are the very similar.
The next comparison is made for the injection rate of N˙ = 5 ·1019 s−1, measured during #36299.
As for the previous injection rate, the profiles are evaluated with and without the reabsorption. Plots
for the electron temperature and density are displayed in figure 4.10.
The evaluation without reabsorption shows in both profiles the expected hump at the edge. From
ρpol = 1.07 inwards, the temperature and density profiles are in both models the same. The peak
in the density profile is located at ρpol = 1.09 and the model without reabsorption’s amplitude
is 1.3 ·1019 m−3 higher. For the temperature profile, the maximum position is identical with an
amplitude of 81 eV.
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4. The reabsorption for different discharges
The comparison to the lower injection rates shows, that the difference caused by the reabsorption
increases in the amplitude and variance of both quantities with the injection rate. The model without


















) #36299, t=3.6 s to 3.78 s
absorption
electron collisions




















electron collisions from 1s2
e− col from 2,3,4p + e− col.
e− col from 2,3,4p + abs.
FIGURE 4.11.: The plot shows in (a) the transition rates from 1s 1S to 3p 1P for the reabsorption and
the electron excitation. For this injection rate (5 ·1019 s−1), the absorption rate is in comparison to the
lower one of 1 ·1019 s−1 higher, while the electron collisions are unaffected. Plot (b) shows how these rates
transform to the excitation if the 3s level.
The excitation profiles for the injection rate are compared in figure 4.11a. The intersection between
the two rates occurs at zbeam = 0.058 m (ρpol = 1.058). At the first beam point, the reabsorption
is roughly ten times stronger. The excitation of the measured transitions requires as previously
mentioned additional electron collisions. Resulting from this follow up process, the excitation rates
to the 3s state are displayed in fig 4.11b. Here, the excitation from the ground state dominates the
excitation as for the lower injection rate. The share of the absorption to the population of the 3s
state rises in comparison to the lower injection rate, but never dominates the process.
For the intermediate injection rate, the difference for the temperature and density rises between the
evaluation with and without reabsorption. This is caused by the stronger absorption, which is also
observed in a higher reabsorption share of the population of the 3s state.
58
4.2. The reabsorption for different puffing strengths










#36301, t=3.6 s to 3.78 s
Forward model, no reabsorption
Full forward model









FIGURE 4.12.: This comparison is done with the forward model once including and once not including
the reabsorption. For the model with the reabsorption, the profiles for the temperature and density decay
towards the edge. This ascending is monotonic. The profiles, calculated without the reabsorption differ.
The temperature profile has a peak around ρpol = 1.07. For the resulting density, the value has an offset.
The injection rate of N˙ = 5 ·1020 s−1 is out of the usual operation range for the thermal helium
beam diagnostic. But the gas puff imaging, which requires higher injection rates is operated at this
value. To enable a future interoparability of both diagnostics, this injection rate is chosen. The
temperature and density profiles for this injection rate are plotted in figure 4.12.
Both curves show a wavy behavior. This can be explained by two effects. The profile points
get reconstructed from a spline function. Therefore, the degree of optimization is limited. The
other reason is the high injection rate. Due to the dominant photon absorption, the model without
reabsorption can no longer describe the measured data.
For the evaluation without the reabsorption, this results in a big discrepancy from the expected
profile. For the radial range from ρpol = 1.00 to 1.06, the calculated temperature rises. In the same
radial range, the density has a flat behavior. The outer points decay to the edge. A comparison
between the measured and fitted line ratios shows for these outer radial points no agreement.
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electron collisions from 1s2
e− col from 2,3,4p + e− col.
e− col from 2,3,4p + abs.
FIGURE 4.13.: The plot shows the transition rates from 1s 1S to 3p 1P for the reabsorption and the electron
excitation. They are displayed in (a). Plot (b) shows the excitation of the 3s state, for the excitation from
the ground state and two consecutive processes, once with the absorption to the 2,3 or 4p state and once
with the electron collisions on the same transition.
The excitation parameter of the model are displayed in figure 4.13a. In the plot, several characteris-
tics for the absorption can be observed. The first observation is the tail after the injection. Here,
the absorption rates rise towards the edge. This can be explained by the small cross section of the
helium cloud. As a result, the neutral helium density is here high and this increases the emission
per volume. This tail is followed by an rise of the absorption profiles. The absorption is here
clearly higher than the electron collisions and dominates the transition up to zbeam = 0.084 m. This
ascending absorption rate is also observed for the excitation of the 3s level, displayed in figure
4.13b. The process dominates for a short position at the edge and is for a wide range very close to
the ground state excitation. This close behavior is observed until the electron collisions to the 2,3
and 4p levels dominate the excitation.
With an injection rate of 5 ·1020 s−1, the reabsorption is required to reasonably describe the mea-
sured intensities. The model without reabsorption is here not flexible enough to fit a curve through
the line ratios.
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Equilibrium profile comparison for 3.6 s to 3.78 s
N˙ = 1 ·1019 s−1,#36300
N˙ = 5 ·1019 s−1,#36299
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FIGURE 4.14.: The comparison between the temperature and density profiles for the three discharges. The
temperature profiles are very similar while the densities differ slightly at the edge.
The initial assumption for the comparison was, that the temperature and density profiles are identical.
With the three technically identical discharges, the model is checked whether it reproduces the
identical temperature and density profiles. For the three discharges, the profiles evaluated with the
full forward model are displayed in figure 4.14.
The temperature profiles are displayed in the upper plot. Beside the two outer points of the
intermediate injection rate, all calculated values are extremely close to each other. This shows, that
the model could reconstruct identical profiles, which are measured with different injection rates and
therefore a different reabsorption strength. In the density comparison, the profiles can be divided
into two regions. For ρpol < 1.04 agree the three profiles. For larger radii, a gap arises between the
density of #36299 and #36300. This gap is even larger than the uncertainties. The density profile
of #36301 is in between these two profiles. With the initial assumption of identical profiles, this
comparison shows that the effect of the reabsorption is good modeled for the temperature and the
inner density values. Only the influence on the edge density could not be adequate corrected.
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FIGURE 4.15.: The figure shows the different absorption profiles for various injection rates. The absorption
profiles originate from the temperature and density profiles in the interval from 3.6 s to 3.78 s in the
discharges #36299,#36300 and #36301. The absorption rates for all transitions increase with the injection
rate. In addition, the absorption rates for the 1s2 to the 1s2p 1P transition are stronger than for the 1s2 to
the 1s3p 1P transition. The 1s2 to the 1s4p 1P transition has the weakest transition rates.
The different injection rates can also be compared with themselves. This is possible due to the
similar electron temperature and density profiles. For the observed interval, the different absorption
rates are plotted in figure 4.15. In subfigure 4.15a, the absorption rates for the 58 nm transition are
displayed. The absorption rates for the two lower injection rates have a similar shape. Only the
highest injection rate deviates in the shape. Here, the peak is shifted further away from the capillary.
In addition, a rise of the absorption rate occurs close to the injection point.
For the transition from the 1s2 to the 1s3p 1P, similar characteristics of the profiles are observed.
The absorption rates are displayed in subplot 4.15b. The third transition observed is the 52 nm
transition. It belongs to the transition from 1s2 to the 1s4p 1P and is displayed in subfigure 4.15c.
As for the previous transitions, the injection rates 1 ·1019 s−1 and 5 ·1019 s−1 show similar curve
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characteristics. They have the maxima around z = 7.2 cm. The maxima of the highest injection rate
shifts for this transition to 7.5 cm.
To compare the different scaling of the absorption rates, the maxima of each absorption rate and
injection rate is determined by a Gaussian fit. The position of maxima of the 52 nm transition for
an injection rate of N˙ = 5 ·1020 s−1 differs clearly from the other positions. To compare this value
with the other curves, the assumption is made that the maxima position does not affect the general
reabsorption strength.
























FIGURE 4.16.: The figure shows the correlation between the injection rate and the maximum absorption
rate. The comparison is made for transitions from the 1s2 state to the 1s2p 1P, 1s3p 1P and 1s4p 1P state.
The straight line is the fit with αmax (x) = a · xb, whose parameters are in table 4.1.
In figure 4.16, the resulting maximum absorption rates are plotted versus the injection rates. The
maxima of the three absorption profiles are then evaluated with a linear fit. Due to the three
measurement points, the shape of the scaling can not be further evaluated and a linear fit is used.





, the following fit parameter arise:







1s2 -> 1s2p 1P (2.86±0.11) ·104 0.82±0.02
1s2 -> 1s3p 1P (1.34±0.01) ·103 0.96±0.01
1s2 -> 1s4p 1P (1.65±0.09) ·102 1.12±0.03
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The power b of the three different transitions yield almost a linear dependence of the absorption rate
on the injection rate. The parameter a changes roughly by one order from one to the next weaker
transition. Thus, a model without reabsorption can be applied when reducing the injection rate.
The three discharges simplify the comparison between the reabsorption and the injection rate. The
difference caused by the reabsorption can already be seen in the raw data. Here, the injection
rates of 1 ·1019 s−1 and 5 ·1019 s−1 differ especially for the density sensitive line ratio. The highest
injection rate is so dominated by the reabsorption, that its line ratio profiles are systematically
shifted from the other two rates. This wide difference can be also found in the temperature and
density calculation, which is affected over the entire profile. The two lower injection rates are
influenced by the reabsorption on the edge. Here, the model without reabsorption fits peaks in the
temperature and density profile, whose amplitude increases with the injection rate. Through the
comparison of the absorption rates, a linear relation between the injection rate and the absorption
rate was found.
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The nonphysical temperature profile, causing a rise at the plasma edge motivated the improvement
of the previously used collisional radiative model. Therefore, two new effects were added to the
evaluation of the thermal helium beam diagnostic:
• the state mixing and
• the reabsorption .
State mixing describes the time-dependent evolution of the singlet and triplet states, which were
previously assumed to be in the local collisional radiative equilibrium. An additional excitation
process in the helium atom is introduced via the absorption of photons, called reabsorption. This
reabsorption is considered for the three ultraviolet resonance lines. The theoretical prediction shows
that the state mixing acts on the intensities directly after the injection and its application reduces the
calculated temperatures. Reabsorption acts as the state mixing in the far scrape-off layer and this
considered effect lowers the calculated temperature and density.
These new effects were systematically added to the evaluation of a L-mode discharge. Based on the
old model, the state mixing and the reabsorption are individually compared. The inclusion of the
state mixing mainly corrects the electron temperature evaluation. Adding the reabsorption modifies
the density and temperature slightly. The comparison with other diagnostic confirms the profiles
from the new model.
The reabsorption effect is further investigated for its dependency on different characteristics. The
H-mode shows a higher correction amplitude through the reabsorption than the L-mode, while the
influenced region shrinks closer to the plasma edge. I-mode profiles are influenced on the edge as
well, with lower temperature and density corrections than the H-mode. Beside the profile shape, the
reabsorption also depends on the injection rate of the helium. Therefore, three identical H-mode
discharges with different helium injection rates were compared. While the lowest injection rate is
marginally affected by the reabsorption, the highest injection rate shows no plausible results for an
evaluation without reabsorption. Calculated with the full model, the profiles are identical within
errorbars for the three discharges.
In conclusion, the reabsorption especially influences the evaluation of H-mode profiles. The effect
scales with the injection rate and was successfully implemented in the new model.
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Outlook
The model could be further improved in the future. One possibility is the modification to a fully
time dependent plasma background. This would allow to calculate temporarily varying profiles.
The temporal resolution of the profiles would only be limited by the measurement rates of the
diagnostic. These profiles would allow to investigate filaments and other fast processes like the
profile relaxation after an ELM.
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A.1. Transformation from ρpol to zbeam
The coordinate transformation is done with the kk-library and the EQH-equilibrium for the corre-
sponding shot and point in time. In a good approximation, the coordinate transformation can be
regarded as linear.








#36190, t= 2.135 s
FIGURE A.1.: The figure shows the conversion from the beam coordinates to ρpol for #36190.











FIGURE A.2.: The figure shows the conversion from the beam coordinates to ρpol. It is displayed for the
three edge profiles, measured during #35589,#36637 and #36625
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#36299, t= 3.70 s
#36300, t= 3.70 s
#36301, t= 3.70 s
FIGURE A.3.: The figure shows the conversion from the beam coordinates to ρpol.Due to the similar
discharge parameters are the conversion rates for #36299,#36300 and #36301 similar as well.
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A.2. The polychromator system and the new filter
The intensities of the lines of sight are transmitted via optical fibers to a polychromator system.
This system measures the four transitions (see visible lines in figure 2.3) on every LOS for the later











FIGURE A.4.: The figure shows the polychromator system. The fibres enter the telecentric lens on the left
and the resulting intensities are guided through mirrors on the photomultipliers. The image is from Griener
2018 PhD Thesis [Gri18].
The intensity from the fibers is guided through a telecentric lens. Here are the lines of sight aligned
next to each other and then the bundle of intensities is guided in the polychromator system. Three
mirrors reflect different parts of the spectral components on the photomultiplier. Before each
photomultiplier, a interference filter is placed which only transmits a narrow spectrum around the
desired wavelength. For the acquisition, the photomultiplier signal is then AD-converted with a
frequency of 900 kHz [Gri18].
The gain of the photomultipliers can be modified to keep the measured photo-multiplier voltage in
theirs operational range. For measurements above this intensity limit, a filter can be placed in the
setup. Therefore a ND213B- Unmounted Reflective 50mmx50mm <ND Filter, Optical Density 1.3
filter from Thorlabs is used [Gmb]. The filter is placed with a mount behind the telecentric lens. To
ensure the correct ratio of the intensities, the transmission of the filter is measured. It is displayed in
figure A.5.
For the transmission calculation, a background and an unfiltered spectra is measured. The filter
transmission for the measured wavelengths is in the range of 5.1 % to 5.6 %. To estimate the
required angular precision of the mount, the filter is measured for three incidence angles. As a
comparison, the values of the producer data sheet are plotted. The relevant values at the measured
transmission are displayed for all angles in table A.1.
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FIGURE A.5.: The transmission of the reflective filter for different angular positions. The transmission for
turned positions increases due to the metall coating of the mirror.








5.55 5.52 5.46 5.14
0.9949 0.9851 0.9274
-5deg:
5.62 5.60 5.55 5.25
0.9966 0.9875 0.9341
+5deg:
5.60 5.58 5.52 5.21
0.9966 0.9868 0.9320
producer data sheet:
5.34 5.28 5.15 4.97
0.9883 0.9650 0.9315
TABLE A.1.: The transmissions for the Filter.
The plot and table show a difference between the measured values and the values published by the
producer. This difference in the transmission arise from the fact, that the producer did an initial
product classification and didn’t measure every produced filter. As a second characteristic, the
transmission of a rotated filter is varying from the unrotated one. But the important result is that the
relative transmission between the filters is constant for the different angle of incidence. This allows
for the mount of the filter an angular uncertainty of up to 5°.
The filter was used during multiple measurements like #36301. It kept the measured photomultiplier
intensities in the valid region. This allowed the evaluation of an injection rate of 5 ·1020 s−1.
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A.3. Estimating the power loss due to the helium
puffing
An assumption for the validity of the thermal helium beam diagnostic is, that the power taken from
the plasma, for the ionization and excitation of the helium, is small. This is required, to prevent a
feedback from the injected helium on the plasma temperature and density.
To estimate the power loss from the plasma to the helium cloud, the different power strengths of the
processes are calculated and compared with the power flux. This estimation assumes an injection
which results in a cylindrical shaped helium cloud. Helium is injected with a velocity of 1120 ms−1
and an injection rate of 5 ·1019 s−1. Resulting from this, the helium is assumed to be uniformly
distributed in the cross section. The temperature and density profiles have an exponential shape,
with an zero value of 1.1 eV/ 1.4 ·1017 m−3 and a decay length of 0.02 m. The ionization from all
three metastable states is used as well as the line emission on all transitions. For the ionization, only
the first ionization step is calculated. The reabsorption requires no energy from the plasma and is































Only 58 nm emission






























FIGURE A.6.: The figure shows an artificial temperature and density profile. Resulting from this, the
ionization and photon emission rates are calculated for one transition. These rates per atom are used to get
the cooling power along the propagation axis.
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For an artificial profile, the different cooling powers are calculated. The temperature and density
profile are displayed in subfigure A.6a. Resulting from this, the ionization and emission rates per
atom are calculated. The emission rate for the strongest transition is displayed in figure A.6c. It
is compared with the ionization rate from the singlet ground state, the most populated state. This
comparison shows, that the ionization rate is higher than the emission rate. Plot A.6c shows in
addition the neutral helium density which decreases with the distance.
Resulting from this, the power loss per volume is calculated for every process. It is displayed
in figure A.6b. Here dominates the ionization as well. Only the ground state makes significant
contributions, which has an ionization energy of 24.6 eV. The power loss caused by the emission is
mainly due to the 58 nm transition. This transition has a photon energy of 21.2 eV and the highest
transition rates. These power losses per volume are integrated over the entire volume. This results
for the ionization cooling in 63.1 W and for the emission cooling in 28.6 W.
This combined cooling power of 91.7 W is now brought in relation to the power flux through the
scrape off layer. For the comparison, the parallel heat flux is chosen. It is usually over hundreds of
kilowatt per square meter. For the assumed helium cloud would this result in a power flux of several
thousand watt. In comparison to this, the power loss due to the injected helium clearly lower and
therefore, the helium does not influence the plasma temperature and density.
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A.4. Equilibrium lengths for the state mixing
The state mixing between the singlet and triplet states is for real temperature and density profiles a
dynamic process. For simplified profiles, assuming a constant temperature and density, equilibrium
lengths can be calculated. They result from the convergence of the initial unpopulated triplet states
to their equilibrium value. In the comparison, the two triplet states and are added. This can be
done due to the identical behavior of both curves. Out of the comparison of the dynamic value with
the equilibrium value, two distances are calculated. Theses correspond to the distance, where the
dynamic value reaches 95% and 99% of the equilibrium value. The helium velocity is 1120 ms−1.
For 20 eV and 2 ·1018 m−3, this behavior is plotted in figure A.7.

















































FIGURE A.7.: The figure shows the dynamic population of the sum of the triplet states in comparison to
the equilibrium value. Both populations are calculated for a flat temperature with 20 eV and a constant
density of 2 ·1018 m−3. Two distances are specified, when the dynamic population reaches 95% and 99%
of the equilibrium value. Distances for different combinations of constant temperature and density are
displayed in table A.2.
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TABLE A.2.: The distances in (cm), till the state mixing achieves the corresponding percentage of the
equilibrium value. z95% is the upper value of the pairs and z95% the lower one. The injected beam has a
















0,885 0,230 0,080 0,030 0,009
1,365 0,355 0,125 0,046 0,014
20
0,790 0,200 0,070 0,025 0,008
1,215 0,310 0,105 0,039 0,012
50
0,890 0,220 0,075 0,027 0,008
1,365 0,340 0,115 0,042 0,013
100
1,115 0,275 0,090 0,032 0,010
1,710 0,425 0,140 0,049 0,015
200
1,495 0,375 0,120 0,042 0,012
2,285 0,575 0,185 0,064 0,018
500
2,285 0,600 0,200 0,066 0,018
3,440 0,920 0,305 0,101 0,027
These curves are evaluated for different combinations of temperatures and densities. The result is
displayed in table A.2. A general trend is, that the distance reduces for lower temperatures and
higher densities. This can be explained with the temperature, which sets for higher temperatures
a higher triplet equilibrium population. This requires more collisions to achieve the equilibrium
value. The density is proportional to the transition rates whereby a higher density causes a faster
equilibrium.
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A.5. The electron collision excitation channels in the
singlet system
The thermal helium beam diagnostic measures two singlet transitions. On the one side, the 728 nm
emission, resulting from the populated 3s 1S state and on the other side the 667 nm transition,
resulting from the 3d 1D state. Both states are populated by electron collisions, via two dominant
paths. The first path is the direct excitation from the ground state. Beside this, electron collisions
from the 2,3,4p 1P states, who are populated by electron collisions from the ground state, also result
in the population of these two levels. In this comparison, the excitation of the 2,3,4p 1P states via
the reabsorption is not included, which is part of the full state calculation.
For two assumed temperatures and densities, the resulting excitation rates to the 3s 1S and 3d 1D








4p 1P 4d 1D
ionization energy
9.15 ·10−3 s−1 1.20 ·10−2 s−1
7.05 ·10−1 s−1 1.96 s−1
4.59 ·10−3 s−1 7.03 ·10−2 s−1














FIGURE A.8.: The figure shows the rates to the 3s 1S and 3d 1D state. Both states are populated by
electron collisions from the singlet ground state and double excitation via the 2,3 and 4p level. All rates are
displayed for a temperature of 10 eV, a density of 1 ·1018 m−3 and no reabsorption.
For the excitation via the singlet P levels, different rates for the transitions to the 3s 1S and 3d 1D
state are observed. The rates going to 3d 1D are for all scenarios and all singlet P levels higher than
the rates to 3s 1S. From the 2,3 and 4p levels, the 3p 1P level has the highest transition rates to the
two relevant emitting levels. This rate is for the two cases nearly an order higher than the rates from










4p 1P 4d 1D
ionization energy
3.95 ·101 s−1 2.56 ·101 s−1
1.38 ·103 s−1 2.72 ·103 s−1
2.05 ·101 s−1 3.34 ·102 s−1














FIGURE A.9.: The figure shows the rates to the 3s 1S and 3d 1D state. Both states are populated by
electron collisions from the singlet ground state and double excitation via the 2,3 and 4p level. All rates are
displayed for a temperature of 80 eV, a density of 1.5 ·1019 m−3 and no reabsorption. transition. These
rates per atom are used to get the cooling power along the propagation axis.
A comparison between the two plots shows, that the excitation from the ground state dominates the
population of the two observed levels in the low temperature and density plot. For the plot with the
higher temperatures and densities, the population via the 3p level is for the 3s 1S level in the same
order as the excitation from the ground state and dominates the population of the 3d 1D level.
These electron excitation rates can be used to predict the influence of the reabsorption. The
reabsorption is an additional excitation mechanism for the 2,3 and 4p levels (see also 2.4). This
population is then partly shifted via electron collisions to the 3s 1S and 3d 1D state. In doing so,
the excitation from the reabsorption is as the one from the electron collisions unequal distributed
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